) than for adenoma (OR per T allele = 0.84, 95%CI: 0.69-1.03, P = 0.08), but it did not replicate in the validation study. The ITGB2 rs2838732 association was significantly modified by smoking status (P value for interaction = 0.003). Among never and former smokers, it was inversely associated with colorectal neoplasia (OR per T allele = 0.5, 95% CI: 0.37-0.69 and OR per T allele = 0.72, 95% CI: 0.54-0.95, respectively), but no association was seen among current smokers. Other notable findings were observed for SNPs in BPI/LBP and MYD88. Although the results need to be replicated, our findings suggest that genetic variation in inflammationrelated genes may be related to the risk of colorectal neoplasia.
Introduction
Chronic inflammation is hypothesized to play an important role in the etiology of colorectal cancer and is strongly supported by a number of observations. Patients with inflammatory bowel disease, including ulcerative colitis and Crohn's disease, have a 4-to 20-fold increased risk of developing colorectal cancer (1) . A meta-analysis estimated cumulative probabilities of ulcerative colitis patients developing colorectal cancer to be 2% by 10 years, 8% by 20 years and 18% by 30 years (2) . The use of non-steroidal anti-inflammatory drugs (NSAIDs) has been consistently associated with a significantly reduced risk of adenoma, a precursor to colorectal cancer (3) and colorectal cancer (4) (5) (6) (7) in both randomized trials and observational studies. Further supporting these epidemiologic findings, rats fed diets containing aspirin and then treated with azoxymethane, a carcinogenic neurotoxic chemical compound used to induce colon cancer in animals, had a significantly lower incidence of colon cancer and fewer tumors compared with rats on a control diet (8) . Other risk factors for colorectal neoplasia have also been hypothesized to influence colorectal tumorigenesis through inflammatory pathways (1); both smoking, recently classified as having sufficient evidence to cause colorectal cancer by the International Agency for Research on Cancer (IARC) (9, 10) , and body mass index (BMI) have been observed to increase inflammation in vitro, in mouse and in epidemiologic studies (11) (12) (13) , whereas cruciferous vegetable intake has been shown to (14) decrease inflammation in mice.
Inflammation is a mechanism of the innate immune system, which provides the host's first line of defense against infections in a nonspecific manner. Innate immunity has been observed to facilitate the development of colitis-associated colorectal cancer and sporadic colorectal cancer (15, 16) . For example, ablation of TLR4 and MYD88 signaling pathways, both of which are involved in innate immunity, has been observed to reduce tumor growth and invasion based on data from different mouse models (15, 17, 18) . The USA-and Europeanbased case-control studies of genes or selected single-nucleotide polymorphisms (SNPs) involved with inflammatory pathways have observed some significant associations (19) (20) (21) (22) (23) (24) (25) (26) , although not all have been replicated and most were limited in scope. These studies suggest a role for inflammatory pathways in colorectal cancer and warrant further investigation.
In a nested case-control study within the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial, we comprehensively evaluated the association between 935 SNPs in 98 innate immunity genes and the risk of colorectal neoplasia (colorectal cancer and advanced adenoma combined). Inflammation is believed to play a role in the risk of both adenoma and colorectal cancer, as demonstrated by the inverse association with NSAIDs (3, 4) . Thus, our primary aim was to estimate the associations of these SNPs with colorectal cancer and advanced adenoma combined, referred to as colorectal neoplasia throughout this article. However, we also evaluated the associations with advanced adenoma and cancer separately as a comparison to see if there were differences by stage of carcinogenesis. As a secondary aim, we evaluated putative gene-environment interactions between the most significant SNPs for colorectal neoplasia and known colorectal cancer risk factors believed to modulate inflammation, such as smoking, BMI and NSAID use.
Materials and methods
Study population and setting PLCO Cancer Screening Trial was conducted with the objective of evaluating the effects of screening and early detection on cancer-related mortality. The study population consists of approximately 155 000 men and women between the ages of 55 and 74, who were randomized to receive screening (~77 000) for prostate, lung, colorectal and ovarian cancer or to receive their usual care. The trial was conducted at 10 USA sites enrolling participants between 1993 and 2001 (27) . Participants in the screening arm underwent flexible sigmoidoscopy examinations for colorectal cancer at two time points: at enrollment and at either 3 or 5 years postenrollment (28) . Participants with suspicious lesions detected by sigmoidoscopy were referred to their primary physician for further evaluation, which included colonoscopy in most Abbreviations: BMI, body mass index; BPI, bactericidal permeabilityincreasing protein; FDR, false discovery rate; GECCO, Genetics and Epidemiology of Colorectal Cancer Consortium; LBP, lipopolysaccharidebinding protein; LD, linkage disequilibrium; NSAID, non-steroidal antiinflammatory drugs; OR, odds ratio; PLCO, Prostate, Lung, Colorectal and Ovarian; SNP, single-nucleotide polymorphism.
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cases. Their subsequent diagnostic work-up up to 12 months after flexible sigmoidoscopy examination was tracked by trained medical record personnel who recorded any pathologically verified cases of colorectal adenoma and cancer from medical and pathologic records. Colorectal cancer cases were also ascertained through an annual questionnaire sent to participants asking about recent cancer diagnoses and death certificates. All reported colorectal cancer cases were pathologically confirmed with medical records. Information about demographic factors and potential risk factors was collected through a risk factor questionnaire administered at baseline; information about diet was collected through a food frequency questionnaire. All participants provided informed consent. The study was approved by the institutional review boards at all 10 centers and the National Cancer Institute.
Adenoma cases and controls were obtained from the screening arm of the trial as described previously (29) ; colorectal cancer cases came from both arms of the study. Individuals were eligible for this study if they provided a blood or buccal specimen and consented to participate in etiologic studies of cancer and other diseases. Excluded from the study were individuals with a self-reported history of colorectal polyps, ulcerative colitis, Crohn's disease, familial polyposis, Gardner's syndrome or cancer (except basal cell or squamous cell skin cancer) (29) . Included in this study were 513 colorectal cancer cases diagnosed after enrollment, 742 cases with at least one advanced (≥1 cm in size, containing villous/tubulovillous characteristics or having high-grade dysplasia or carcinoma in situ) left-sided adenoma from the baseline screen and 747 controls who were participants without a polyp in the left-sided colon or rectum at the baseline screen. Adenoma cases and controls were frequency matched on sex and race. One control was later found to be an adenoma case and was dropped from the analysis (29) .
In order to minimize the potential for biased results as a result of population stratification, the analysis was limited to Caucasians, which comprise 92% of the study population, and included 696 controls, 451 colorectal cancer cases and 694 colorectal adenoma cases. Six adenoma cases that later developed colorectal cancer were included in both the cancer and the adenoma analyses but only counted once in the combined analysis of cancer and adenoma. Thus, there were a total of 1139 cases in the overall colorectal neoplasia analysis.
Laboratory methods DNA was extracted from blood samples using QIAamp DNA Blood Midi or Maxi Kits and from buccal cells using phenol chloroform extraction. The colorectal adenoma and cancer cases and controls were genotyped at the NCI Core Genotyping Facility (Gaithersburg, MD) using an oligo pool assay (OPA) on the Illumina GoldenGate platform. Tag SNPs were selected for candidate genes involved in innate immunity based on the HapMap CEU population using the Carlson method (30) ) (n = 18), <90% completion rate (n = 77), failed validation or displayed poor concordance in HapMap samples (n = 64). After exclusions, 935 SNPs remained for analysis. Randomly distributed replicates (n = 79) were used to evaluate assay reproducibility and were found to be >95% concordant.
Statistical analysis
The associations of each SNP were evaluated using unconditional multivariate logistic regression models for total colorectal neoplasia (colorectal cancer and adenoma cases combined), and colorectal cancer and adenoma, separately. Adjusting for age and sex, P trends based on the log-additive model were estimated for all SNPs using PLINK (version 1.07, Purcell 2007) (31) . We explored putative gene-environment interactions for colorectal cancer and advanced adenoma combined in order to maximize the statistical power. We adopted a two-stage approach for testing interactions. In the first stage, the marginal effects of the SNPs and colorectal neoplasia (adenoma and cancer cases combined) were assessed. All SNPs that reached significance threshold P < 0.01 in the marginal model were then taken forward for interaction testing Chi-square P value compares each case group with the controls. ) for the genes with multiple SNPs was estimated among controls using Haploview (36) . Haplotypes were estimated using an expectation maximization algorithm and associations were evaluated using the generalized linear model and global score test in HaploStats (37) . To account for multiple testing, P-trend values for the SNPs and P-interaction values for the gene-environment interactions were adjusted for the false discovery rate (FDR) using the method by Benjamini and Hochberg (38) with the multtest procedure in SAS 9.1 (Cary, NC). Unless specifically noted, the P values presented are unadjusted for multiple testing. Unless otherwise specified, analyses were conducted using SAS.
A validation of SNPs found to be significantly associated with colorectal neoplasia (P < 0.01) in this study was carried out using genome-wide association data from seven case-control studies (based on a variety of genotyping platforms) included in the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO) (39) . A total of 8392 colorectal cancer cases and 10 946 controls of European descent were included in the validation study. In order to exclude the possibility that replication of results could be due to the overlap of cases, data from PLCO was excluded from this lookup of results. Most of the SNPs of interest were not directly genotyped in GECCO but were imputed using MArkov Chain Haplotyping (40) and the HapMap CEU reference population. The imputation quality (r 2 ) for the SNPs of interest ranged from 0.47 to 1. Associations for each SNP were estimated using logistic regression, adjusting for age, sex and study, assuming a log-additive model.
Results
As expected, neoplasia cases (colorectal cancer and adenoma cases combined) were older than controls in age (P < 0.0001), more likely to have a family history of colorectal cancer (P = 0.021) and more likely to be smokers (P = 0.001) ( Table I) . Compared with controls, colorectal cancer cases were more often male (P = 0.0001) and older (P < 0.0001) in age. Adenoma cases were older than controls (P < 0.0001), more likely to have a family history of colorectal cancer (P = 0.022) and more likely to be current smokers (P = 0.0002). There were no significant differences in BMI in any of the case groups compared with controls.
At an alpha level of <0.01, the risk of colorectal neoplasia was associated with 16 SNPs in 13 genes (Table II) , colorectal cancer was associated with 23 SNPs in 17 genes (Supplementary Table 3 , available at Carcinogenesis Online) and colorectal adenoma was associated with six SNPs in five genes (Supplementary Table 4 , available at Carcinogenesis Online). As we had the greatest power for the colorectal neoplasia analysis, and most of the top hits for colorectal cancer and adenoma were encompassed in the most significant findings in the neoplasia analysis, further analyses were focused on colorectal neoplasia. After adjustment for multiple comparisons, only one SNP, ITGB2 rs2838732, remained suggestively associated with the risk of colorectal neoplasia at an FDR level of 10% (Supplementary Table 2 , available at Carcinogenesis Online). ITGB2 rs2838732 was associated with a decreased risk of colorectal neoplasia [odds ratio (OR) per T allele = 0.68, 95% confidence interval (CI): 0.57-0.83, P = 7.7 × 10
-5 ]. The association appeared stronger for colorectal cancer (OR per T allele = 0.41, 95% CI: 0.30-0.55, P = 2.4 × 10 −9 ) than adenoma (OR per T allele = 0.84, 95% CI: 0.69-1.03, P = 0.08).
Interestingly, two SNPs in the ITGB2 region (rs2838732 and rs440555) were among the 16 most significant SNPs for colorectal neoplasia (P = 7.7 × 10 −5 and P = 0.0077, respectively). The SNPs were in weak linkage disequilibrium (LD) (D′ = 0.49, r 2 = 0.03). When both SNPs were included in the same model for colorectal neoplasia, both SNPs remained associated with risk (P = 0.0004 and P = 0.01), suggesting independent effects of each SNP. A haplotype analysis of SNPs sharing an LD block on ITGB2 revealed several haplotypes associated with colorectal neoplasia risk but not all appeared to be driven by either rs2838732 or rs440555 (Supplementary Table 5 , available at Carcinogenesis Online), suggesting a more complex association between ITGB2 and the risk of colorectal neoplasia. Two SNPs in the BPI/LBP region, rs5743533 and rs1780617, were also among the most significant SNPs for colorectal neoplasia overall. Both were associated with adenoma and cancer (P < 0.05) and were in moderately strong LD (D′ = 0.82) but weakly correlated (r 2 = 0.09). When both SNPs were included in the same model for colorectal neoplasia, both SNPs remained associated with risk of neoplasia (rs1780617, P = 0.046; rs5743533, P = 0.046), suggesting independent effects of each SNP. In a haplotype analysis of an LD block containing both BPI/LBP SNPs, there was a statistically significant association with colorectal neoplasia for one haplotype driven by BPI/LBP rs5743533 (OR = 1.81, 95% CI = 1.01-3.22, P = 0.045) (Supplementary Table 6 , available at Carcinogenesis Online).
Interactions between diet/lifestyle exposures and the top 16 SNPS associated with the risk of neoplasia were evaluated, focusing on colorectal cancer risk factors known to play a role in inflammation: BMI, smoking, aspirin, ibuprofen, or either NSAID use, and cruciferous vegetable intake (Table III) . Of note, smoking status and/ or pack-years significantly modified the association of colorectal neoplasia with ITGB2 rs2838732 (P = 0.003 for both). Any NSAID use and regular ibuprofen use had statistically significant interactions with MYD88 rs6796045 (P = 0.013 and 0.012, respectively). However, only the interactions between ITGB2 rs2838732 and smoking status and pack-years remained statistically significant after adjustment for multiple comparisons (adjusted P = 0.032).
Among the SNPs and exposures with statistically significant interactions (P < 0.05), stratified ORs (per allele) by level of exposure are presented in Table IV . Of the more striking differences, ITGB2 rs2838732 was only associated with a reduced risk of colorectal neoplasia among never (OR per T allele = 0.5, 95% CI: 0.37-0.69, P = <0.0001) and former smokers (OR per T allele = 0.72, 95% CI: 0.54-0.95, P = 0.021) with no association among current smokers (Table IV) . Similar effect modification was observed when ITGB2 rs2838732 was stratified by pack-years of smoking. The association between NFKB1 rs4648006 was also modified by smoking status with a reduced risk only observed among never smokers (OR per T allele = 0.36, 95% CI: 0.22-0.60, P = <0.0001). MYD88 rs6796045 was found to be associated with a significant increased risk of colorectal cancer among nonusers of NSAIDs (OR per T allele , 95% CI: 1.49-3.86, P = 0.0003) but not among regular users of aspirin or ibuprofen.
To validate the primary association findings, we looked up the top 16 SNPs with P < 0.01 in GECCO (Table V) . At a nominal significance level of 0.05, only two SNPs showed a consistent direction of effect and were significantly associated with colorectal cancer in GECCO: BPI/LBP rs5743533 (OR per A allele = 1.07, 95% CI: 1.00-1.13, P = 0.036) and BPI/LBP rs1780617 (OR per G allele = 0.89, 95% CI: 0.80-0.98, P = 0.023). A marginal association with a consistent direction of effect was observed with MYD88 rs6796045 (OR per T allele = 1.09, 95% CI: 0.98-1.22).
Discussion
Our most significant finding for risk of colorectal neoplasia overall was with ITGB2 rs2838732 (P = 7.7 × 10 -5 ). A second SNP in ITGB2 (rs440555) and several haplotypes in this region were also associated with colorectal neoplasia, suggesting a more complex relationship with risk. ITGB2 codes for the CD18 protein in the integrin beta chain family, known for participating in cell adhesion and cell surfacemediated signaling. Defects in this gene lead to leukocyte adhesion deficiency type I, in which neutrophil recruitment to sites of infection is impaired, increasing susceptibility to bacterial infections in the skin or mucosal surfaces (41, 42) . ITGB2 rs2838732 was found to interact with smoking and colorectal neoplasia risk with the protective effects of the T allele limited to never and former smokers. Interestingly, in an in vitro study, neutrophils from smokers and non-smokers were exposed to cigarette smoke exposure, resulting in a 15-20% increase in CD18 expression in both groups (43) , supporting a potential biological mechanism for the smoking interaction we observed with ITGB2 rs2838732. However, no association was observed between these SNPs and colorectal cancer risk in GECCO.
Two SNPs in the BPI/LBP region also were associated with risk of colorectal neoplasia. In terms of direction and statistical significance, both of these SNPs replicated in GECCO, supporting their association with colorectal neoplasia. The bactericidal permeability-increasing protein (BPI) and lipopolysaccharide-binding protein (LBP) are involved in the defense against gram-negative bacterial infections. The two proteins bind with high affinity to lipopolysaccharide, which is expressed by gram-negative bacteria. A candidate SNP study of selected inflammatory-related genes, including polymorphisms in LBP, reported significant associations between the GA and GG genotypes of LBP rs2232596 and increased risk of colorectal cancer among the Chinese (N = 479 cases) (44) . Based on the HapMap Innate immunity genes and colorectal neoplasia CEU population, LBP rs2232596 is in weak LD with rs5743533 (D′ = 0.58, r 2 = 0.23) and the observed association displays a consistent direction of effect with our study. The SNP shares almost no LD with rs1780617 (D′ = 0.05, r 2 = 0); however, the finding does support a role for genetic variation in this region and the risk of colorectal neoplasia.
In our study, we also found carriers of the T allele at MYD88 rs6796045 to have a significantly increased risk of colorectal neoplasia, which was more pronounced among participants who reported not taking NSAIDs or ibuprofen regularly. Although not statistically significant, an increased risk of colorectal cancer was observed in GECCO for rs6796045 (OR per T allele = 1.09, 95%CI: 0.98-1.22, P = 0.107). MYD88 codes for a cytosolic adaptor protein that functions as an essential signal transducer in interleukin-1 and Toll-like receptor signaling pathways. Patients with defects in MYD88 are susceptible to particular bacterial infections (45) . Recent findings have shed light on the role of MYD88 in colorectal cancer development. In a study of APC-mutant mice, susceptible to developing intestinal tumors, researchers found that MYD88-deficient mice had lower mortality than MYD88-sufficient mice (25% versus 100% at 45 weeks) and the number of polyps and their size were reduced compared with the MYD88-sufficient mice (18) . They also found a lower expression of genes that promote intestinal tumorigenesis, including COX-2, IL-6 and TNF, in MYD88-deficient mice compared with MYD88-sufficient mice, supporting a role for MYD88 in spontaneous and carcinogen-induced tumor development and suggesting a possible biological mechanism for the NSAID interaction observed in the current investigation. Consistent with these findings, a Japanese study of 108 colorectal cancer patients found that high (>30% tumors positive for MYD88) versus low (30% or less) expression of MYD88 was independently associated with risk of poor overall survival (OR = 2.3, 95%CI = 1.2-4.3) (46) .
Although NFKB1 rs4648006 was not significantly associated with colorectal cancer in GECCO (P = 0.4), we found some evidence that NFKB1 rs4648006 may modify the risk of colorectal neoplasia associated with smoking status. NFKB signaling is one of the most important pathways for tumor promotion and acts mainly by activating antiapoptotic genes (47) . Inappropriate activation of NFKB has been associated with a number of inflammatory diseases and cancers, whereas persistent inhibition of NFKB leads to inappropriate immune cell development or delayed cell growth (48) . In animal models, inactivation of IKK genes is important for activating NFKB leading to a decreased number of colorectal tumors (49) . Cigarette smoke contains tobacco-specific nitrosamine 4-(N-Methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK), which has been shown to activate NFKB in lung cancer cell lines (50) , induce lung cancer in animals and is likely contribute to smoking-related lung cancer (51) . In a study of colon cancer cell lines, researchers found increased NFKB nuclear translocation and DNA binding activity but decreased expression of IκB-α, an NFKB inhibitor, suggesting that NNK can act as a promoter of colon cancer (51) .
Our study had several limitations and strengths. Although we tried to maximize our power by combining the adenoma and cancer cases in one analysis, we had limited sample size to assess gene-environment interactions for colorectal neoplasia. Thus, these interaction results should be interpreted as hypothesis generating and need to be replicated. Because we only included Caucasians in our analysis, our results may not be generalizable to other populations. As sigmoidoscopy was used for screening in PLCO, individuals with undetected right-sided adenoma may have been misclassified as controls. However, if the SNPs that we found to be associated with distal adenoma are also associated with proximal adenoma, then our observed associations are likely attenuated. Strengths of this study include the large number of SNPs encompassing many important innate immunity pathways, the inclusion of both colorectal cancers and advanced adenomas to allow examination of different stages of cancer development and detailed information on risk factors. In addition, the use of a standard survey and screening protocol minimized bias across study centers.
In conclusion, we found a number of SNPs in the innate immunity genes, such as ITGB2, MYD88 and BPI/LBP, to be associated with colorectal neoplasia. Although only the SNPs in BPI/LBP were replicated in GECCO, several of the findings deserve further study due to the underlying biology. Overall, our findings provide support for the role of inflammation in the risk of colorectal neoplasia.
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